Introduction
Knowledge of host-speci®c differentiation of parasites is a prerequisite for studying the ecology and evolution of host±parasite interactions. For example, whether differences in prevalence and incidence between sympatric host species are simply ecological phenomena or whether they may be affected by adaptation of a host-speci®c parasite strain depends on the amount of gene¯ow among parasite strains on different host species, i.e. on the presence of host-speci®c genetic differentiation. Furthermore, knowledge of the phylogenetic relationships among host-speci®c parasite strains allows inference of factors involved in host-speci®c differentiation and parasite evolution (Hafner et al., 1994) . For example, host-speci®c differentiation may evolve once or several times at different localities independently. This not only affects host±parasite dynamics but also the evolution of adaptation of parasites to host populations and species.
Host speci®city of the anther smut fungus Microbotryum violaceum (Pers.) Deml & Oberwinkler [ Ustilago violacea (Pers.) Fuckel] has been of debate since early this century, since the fungus infects many members of the pink family (Caryophyllaceae). Several authors have suggested M. violaceum to be a collection of lineages, each
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Abstract
The anther smut fungus Microbotryum violaceum ( Ustilago violacea) is a parasite of many species of the Caryophyllaceae. Its host speci®city has been debated since early this century, when cross-inoculation experiments indicated the existence of host-speci®c lineages. Recently, on the basis of spore ultrastructure, all presumed host races were lumped within M. violaceum. To measure gene¯ow among natural populations of anther smuts from different host species, we used microsatellite variation at 5 loci among samples from 8 Silene, 2 Saponaria, 2 Dianthus and 1 Gypsophila species. Most of the 326 M. violaceum samples investigated originated from the Swiss Alps and close surroundings. Microsatellite variation revealed almost perfect isolation among anther smut fungi from different host species. In addition, differentiation was supported by the nonrandom distribution of null alleles among samples from different host species and host genera. Null alleles were most abundant in anther smut samples from non-Silene hosts. The resolution of genetic differentiation among anther smuts from different host species was highest in those from Silene species. Genetic relationships among samples as indicated by Neighbour-Joining analysis based on genetic distances are discussed with respect to host phylogeny and host ecology. One sample was identi®ed as Ustilago gausseni because it had verrucose instead of reticulate spores and was collected from Silene italica. Neighbour-Joining analysis revealed that this sample was similar to the M. violaceum samples from other Silene host species. Therefore, our data question spore morphology as a reliable character for anther smut systematics.
restricted to one or a few host species. This suggestion was based on observations that sympatric populations of different potential host species often showed infection in some but not other species (Zillig, 1921) . Furthermore, the conjugation behaviour of sporidia (Kniep, 1919) , teliospore (Liro, 1924) and sporidia colour (Kniep, 1919) , and cross-inoculation experiments (Liro, 1924) all suggest that fungus found on different host species is at least partially ecologically differentiated. However, recent studies comparing spore ultrastructure among fungal strains isolated from different caryophyllaceous host species have questioned the splitting of M. violaceum into many host speci®c lineages (Brandenburger & Schwinn, 1971; Durrieu & Zambettakis, 1973) . Therefore, they have retained the single species name for the fungus from many different host species within the Caryophyllaceae.
The question of host race or lineage specialization can be determined only by using either cross-infection experiments including many host species and fungal strains, or through genetic analysis. However, crossing studies in the greenhouse may not re¯ect what occurs in nature. Genetic analysis provides a much more straightforward way of determining how much genetic exchange is occurring among the fungal strains isolated from different host species. Genetic analysis allows one to tell whether local specialization on a particular host species is possible, or whether local adaptation is being disrupted by genē ow from fungal strains selected on other host species. Furthermore, one can determine whether the different host races exchange genes at all, i.e. whether they should be assigned to a single species or to several species.
To answer this question we used ®ve microsatellite markers that were designed to study anther smut collected from Silene latifolia and revealed differences in allele sizes and ampli®cation success in a few other caryophyllaceous host species (Bucheli et al., 1998) to measure the amount of gene¯ow among samples from 13 different host species, most of which were collected in the Swiss Alps or close surroundings. We posed the following questions: 1 Are populations of M. violaceum differentiated, or do all fungi from all host plant species belong to a single genetic community? 2 Do we ®nd genetic differentiation by host plant species such that fungal strains resemble those from the same species of host, representing host specialization? 3 Alternatively, is genetic exchange taking place among the host races such that genetic similarity re¯ects geographical proximity? 4 If fungal strains are differentiated by host species: Is specialization more pronounced on common hosts or on those that are geographically or ecologically separated from other host species? 5 Is relatedness among host-speci®c fungal strains determined by host species relatedness, e.g. host genus, or is it governed by host ecology, e.g. pollinator spectra?
Materials and methods

Study organism
Infection by Microbotryum violaceum (Pers.) Deml & Oberwinkler [ Ustilago violacea (Pers.) Fuckel] leads to host sterilization by spore production in the anthers and abortion of ovaries. Transmission to healthy plants occurs during the¯owering stage primarily by¯ower-visiting insects (Baker, 1947; Alexander & Antonovics, 1988; Roche et al., 1995) or secondarily by wind and rain (Roche et al., 1995) . Transmitted spores are diploid. When they arrive on a new plant they germinate and produce haploid cells of two mating types called sporidia. For successful infection two sporidia of opposite mating type must conjugate and form a dikaryotic infectious hypha, which invades the plant tissue (Day & Garber, 1988) . The fungus grows into the¯ower stem and sporulates in subsequent¯owering branches a few weeks later (Baker, 1947) . If it becomes systemic, it infects the¯owering stems in the following years (Baker, 1947) .
Sample origin and collection
One mature¯ower bud per plant was collected from several plants per population, though in some localities only a few infected individuals could be found and sampled (see Table 1 and Fig. 1 for locality details). These single¯ower buds were dried, and the teliospores were shaken into microcentrifuge tubes and stored at room temperature. In the following, the term`sample' denotes the fungi from one host species at one locality, the term individual' denotes fungus collected from one host plant. Except for the fungal strains from Silene viscaria and S. italica fungi originated from more than one locality per host species. The anther smut collected from S. italica was identi®ed as Ustilago gausseni because of its verrucose spores.
Ampli®cation of microsatellites
DNA extraction followed either the phenol-chloroform (Lee & Taylor, 1990) or the Chelexã extraction method. For both methods, teliospores were frozen with liquid nitrogen and ground in microcentrifuge tubes. For the Chelexã extraction method (Walsh et al., 1991) : ground samples were immediately mixed with a boiling 5% Chelexã suspension and incubated at 93°C for 10 min. Then samples were put on ice, spun down for 2 min at 13 000 r.p.m. and stored at ±20°C. The results from the different methods were equivalent.
PCR reactions were set up in 10 lL volumes, each containing 10±50 ng of DNA, 1´Promega reaction buffer, 1.5 mM M MgCl 2 , 0.6 mM M dNTP, 0.4 unit of Promega Taq polymerase enzyme, 2 pmol alpha-P 33 -endlabeled primer, 20 pmol each forward and reverse primer, and sterile distilled H 2 O to 10 lL. Endlabeling was performed using T4 polynucleotide kinase (Promega) following standard protocols. After a ®rst step of denaturation at 94°C for 2 min, 30 cycles of ampli®cation were performed (30 s 94°C, 30 s T a°C , 30 s 72°C). A prolonged extension step of 72°C for 2 min was added after the ®nal cycle. PCR products were separated by electrophoresis in sequencing gels (6% polyacrylamide, 5 M M Urea). Alleles were sized by running an M13 control sequencing reaction next to each locus. Visualization was by autoradiography.
Gel interpretation
Loci were considered homologous if the alleles were in the same size range and showed the`stutter' bands that are typical for microsatellite loci. Ampli®cation at loci 11 and 17 gave interpretation dif®culties in some samples.
Samples from Dianthus silvester had alleles with strong stutter bands at locus 11, making it dif®cult to distinguish homo-from heterozygotes in these populations. Heterozygosity among these samples may thus be underestimated. Therefore, they were not included in the heterozygosity estimations. For several population/locus combinations, ®xed double bands both exhibiting the characteristic microsatellite stutter bands were observed, namely at locus 17 in all populations from Saponaria ocymoides and for population Alsace 2 from Saponaria of®cinalis, and at locus 11 for samples from Silene nutans at Bugnei. For these sample/locus combinations, both alleles were included in the estimation of F ST , pairwise genetic distance D and Neighbour-Joining analysis, but heterozygosity estimates for these populations were omitted. They were unlikely to be heterozygotes because all strains from one population exhibited the same banding pattern and this fungus is obligately sexual. The occurrence of ®xed double bands could result from linkage of the loci Table 1 Sampling localities of all M. violaceum populations used in this study with host species, from which fungi were analysed (number of individuals in parentheses), co-ordinates and elevation (m above sea-level). The number in the ®rst column refers to Fig. 1 considered with the mating type locus. Null alleles, caused by mutations (deletions or base substitutions) in the priming sites thereby inhibiting primer annealing (Koorey et al., 1993) , were found at four of the ®ve microsatellite loci used. Presence of null alleles was revealed by individuals or samples that did not amplify at certain loci but worked well at others (Table 2) .
Data analysis
To test whether the occurrence of homozygotes at these null alleles was correlated with host species and host genus from which the samples were collected, we performed weighted regressions with individual sample sizes (i.e. the binomial denominator) as weights (Crawley, 1993) , using the binomial error distribution in GLIM GLIM 3.77 (update 1, Royal Statistical Society, London 1985). As response variable we summed up all successful ampli®-cations at the four loci for which null alleles were found (loci 6,11,14, and 17) , and chose the number of ampli®cations that could have been obtained maximally (i.e. 4 times the sample size) for each population as binomial denominator. Locus 18 was excluded from the analysis since null alleles were not apparent for this locus. Multiple comparisons were carried out using the Tukey test (Zar, 1984) .
Conventional F-statistics were computed using the program FSTAT FSTAT (Goudet, 1995) , a program that calculates Weir & Cockerham's (1984) unbiased estimators of F-statistics. Alleles were permuted within populations to test the signi®cance of F IS . If the F IS was not signi®cant then the signi®cance of F ST was tested by permuting alleles among populations. For signi®cant cases of F IS , multilocus-genotypes were permuted among populations to test the signi®cance of F ST . To calculate the con®dence intervals for the F-statistics bootstrapping was performed over loci. This method consists of sampling with replacement 15,000 times n loci from the data set consisting of n loci. F-statistics are calculated for each resample, and then sorted in ascending order. The bootstrap 95% con®dence intervals are obtained by truncating the distribution at the outer 2.5%.
Calculation of conventional F-statistics included null alleles and therefore provide slightly different information from the pairwise genetic distances, which were calculated from allele length differences. Null alleles will lead to an overestimate of the number of homozygotes and thereby to bias in both F IS and F ST . Unfortunately, since this fungus is known to be strongly sel®ng (Baird & Garber, 1979; Kaltz & Shykoff, 1999) , it is impossible to estimate the frequency of null alleles, since this would require the assumption of random mating.
Pairwise genetic distances between samples, a sample representing the fungi collected from a particular host species at a given locality, were calculated with the help of MICROSAT MICROSAT (version 1.4d) (Minch et al., 1995) , a program that calculates D, a distance measure especially developed for microsatellite data . D is the squared mean difference between alleles of two populations:
, where l(A) is the mean Host-speci®c differentiation of anther smut 191 allele size for population A. D has been shown to be linear with time under some assumptions . Correlations between pairwise genetic distances and pairwise geographical distances or identity or nonidentity of host species were analysed by Mantel's tests (Mantel, 1967) with the program`Mantel' provided with the GENEPOP package (Raymond & Rousset, 1995) . Cluster analysis of the pairwise genetic distances using the Neighbour-Joining method was performed on those samples from which three or more loci could be (Swofford & Selander, 1989) . Populations consisting of fewer than ®ve infected individuals or harbouring fewer than three ampli®able loci were not included.
Deviations from Hardy±Weinberg expectations were tested by an exact probability test based on the Markov chain Monte Carlo algorithm (Guo & Thompson, 1992) with GENEPOP GENEPOP (Raymond & Rousset, 1995) . Allelic diversity and expected heterozygosity between fungi from S. latifolia and those from other host species were compared with a Mann±Whitney U-test.
Results
Host-speci®c differentiation
There was a large amount of host-speci®c variation in allele size at all ®ve microsatellite loci (Table 2) . Allele size variation was most pronounced at locus 18: samples from host species belonging to the genus Silene harboured host speci®c alleles that hardly overlapped in size; samples from the remaining host genera were ®xed for a distinctly shorter allele. Loci 6, 11, 14 and 17 revealed less variation among samples from different host species than locus 18.
Host-speci®c differentiation was also expressed by ampli®cation performance at the loci 6, 11, 14 and 17: frequencies of null alleles varied signi®cantly among samples from different host genera and from different host species (Table 3) . Pairwise comparisons revealed that samples from Gypsophila and Dianthus host species had signi®cantly more null alleles than those from the Silene species (Tukey test, Silene vs. Gypsophila: D 0.828, SE 0.161, q 5.15, q 0.05,9,4 4.42; Silene vs. Dianthus: D 0.622, SE 0.092, q 6.73, q 0.05,9,4 4.42). Within host genera, the sample from S. italica had more null alleles than the samples from S. dioica (D 0.562, q 0.110, q 5.09, q 0.05,33,8 4.60), and the samples from D. carthusianorum had more null alleles than those from D. silvester (D 0.412, SE 0.075, q 5.47, q 0.05,33,8 4.60). No null alleles were found among the samples from S. dioica; 3 samples from S. latifolia contained null alleles at locus 17 (Table 2) .
Host-speci®c differentiation was con®rmed by population genetic analyses: the highly signi®cant F ST -value of 0.564 indicates a large amount of variation among samples (Table 4) . Grouping the samples according to host species gave a signi®cantly higher F ST than grouping the samples according to region of origin (Table 4 ). In addition, pairwise genetic distances D among samples were signi®cantly correlated with identity or nonidentity of the host species, while they were independent of geographical distances among samples (Mantel's test based on 1000 permutations, one-tailed Spearman rank correlation, identity of host species: P < 0.0001; geographical distances: P 0.3420).
Neighbour-Joining analysis based on the genetic distance D showed that M. violaceum samples from the same host species were generally more similar to each other than to samples from the same or close localities (Fig. 2) . Three clusters were considerably separated from the other samples: cluster I consisting of the samples from non-Silene hosts, cluster II with the samples from S. acaulis, and cluster III with the samples from S. dioica together with one population on S. latifolia from Vienna. The remaining samples from S. latifolia all lay close together at the base of the two clusters II and III. The samples from S. nutans clustered together with the single sample from S. italica, the verrucose anther smut called U. gausseni.
Two exceptions contradicted the trend of host speci®c clustering of samples. One was population Vienna 1 of S. latifolia, which clustered together with samples from S. dioica. The second exception was the separation of smut populations from S. vulgaris into two groups, one of them being close to the non-Silene samples, the other clustering with samples from S. rupestris and close to samples from S. latifolia (Fig. 2) . This separation in two groups is consistent with the observation that there were two types of genotypes among isolates from S. vulgaris differing in allele sizes at loci 18, 11 and 14 ( Table 2) . The rare genotype was found at site Valtellina 1 and in one individual at site Bugnei. The other individuals collected from Bugnei exhibited the common genotype found in S. vulgaris. Table 4 The distribution of microsatellite variation among samples as measured by F-statistics (Weir & Cockerham, 1984 Host-speci®c differentiation of anther smut 193
Evidence for gene¯ow among samples from different host species was found for the sample from S. nutans at Bugnei, where one individual bore an allele common with the isolates from S. vulgaris of the same site at 4 out of 5 loci. This individual possessed three alleles for locus 11, suggesting that at least two fungal strains were present, sporulating in the same¯ower bud.
Microsatellite variation within samples from the same host species
Microsatellite diversity within samples was low; mean allelic diversity and unbiased expected heterozygosity did not exceed 2.5 and 0.36, respectively (Table 5) . Signi®cant heterozygote de®ciencies could be observed in 6 of 13 samples (Table 5) . Four samples, all of them collected from S. latifolia, lacked variation and therefore could not be tested for deviations from Hardy±Weinberg expectations.
Discussion
Host-speci®c differentiation
Despite morphological similarity (Brandenburger & Schwinn, 1971; Durrieu & Zambettakis, 1973; Gu È ntherZacharias, 1996) , M. violaceum consists of several genetically differentiated lineages that are restricted to single host species. We will refer to these as`host races' implying genetically distinct mating groups that are restricted to single host species in nature, independent of any morphological, physiological or pathological difference (Caten, 1987) .
Host-speci®c genetic differentiation among anther smuts from the Silene hosts was larger and different from expected. Both S. latifolia and S. dioica hosts and their hybrids are susceptible to fungal strains from either host species or fungal hybrids in cross-inoculation experiments (Biere & Honders, 1996) . Natural populations, however, were strongly genetically differentiated (Fig. 2) , indicating little gene¯ow. Geographical separation in infection might lead to accumulation of differences in isolation, since infected populations of S. dioica were restricted to the higher elevations in Switzerland, while S. latifolia occurs (Hegi, 1904) and was diseased only at lower elevations. However, even the sample from a S. latifolia population containing hybrids with S. dioica, at an elevation where S. dioica is also infected (Mu È stair, Table 1 ), clustered with most S. latifolia samples (Fig. 2) . Furthermore we found no differentiation between fungal populations on S. latifolia north and south of the Alps, while those on S. dioica in between were clearly different. These observations indicate host-speci®c differentiation, although some gene¯ow between the fungal strains on S. latifolia and S. dioica might still occur in nature, explaining the S. dioica-like allele at locus 18 in sample Vienna 1 from S. latifolia (Table 2) .
Null alleles, which were more common in M. violaceum samples from genera other than Silene, the host genus from which our samples for microsatellite development originate, precluded fungal strains from Gypsophila repens and Dianthus carthusianorum from the Neighbour-Joining analysis. Furthermore, microsatellite variation in the fungal strains from the remaining non-Silene host species, Dianthus silvester, Saponaria of®cinalis and Saponaria ocymoides was too low to clearly group these fungal strains into host races (Fig. 2) . Nevertheless, despite low variation, fungi from the two Saponaria species clustered together. In addition, the higher frequency of null alleles in smuts from Dianthus and Gypsophila compared to those from Silene host species, and in samples from D. carthusianorum compared to those from D. silvester also indicates genetic Goldstein et al., 1995) . Only samples from which at least three loci could be ampli®ed were included in the analyses. Groups de®ned by their roman numerals are referred to in the text. Abbreviations in parentheses denote the host species (see Table 1 for full names). differentiation among these various fungal strains. Indeed, a correlation between the occurrence of null alleles and genetic divergence was observed for bears (Paetkau & Strobeck, 1995) and different genera of ants (Chapuisat, 1996) . This implies that fungi from more distantly related host species are themselves more divergent.
Microsatellite variation within host races
Microsatellite diversity (Table 5) was low compared to other eukaryotes that show expected heterozygosities from 0.2 to 0.9 (Todokoro et al., 1995; Chapuisat, 1996; Chase et al., 1996; Piertney & Dallas, 1997) . Few studies measuring microsatellite variation in fungi are available (Groppe et al., 1995) , so it is impossible to say whether the low levels of variation in M. violaceum fall within the expected range for fungi, or whether they might be due to high levels of inbreeding (Baird & Garber, 1979; Hamrick & Godt, 1990; Kaltz & Shykoff, 1999) together with drift in this fungus. Indeed, very low levels of RAPD marker variation were found in M. violaceum from S. dioica in Sweden (B. Giles, personal communication).
Comparing the host races of M. violaceum, microsatellite diversity was lower in the host race of S. latifolia, the source organism for microsatellite isolation, than in other host races (Table 5) . Usually, the source organism exhibits higher levels of diversity than related species, because its microsatellites are selected for size and hence variation (Ellegren et al., 1995) . Therefore, this unexpected result suggests that the host race of S. latifolia differs from the others in population parameters such as bottlenecks (Nei et al., 1975; Leberg, 1992) or degree of inbreeding (Baird & Garber, 1979; Hamrick & Godt, 1990; Kaltz & Shykoff, 1999) .
Comparison of genetic, experimental and morphological data
The lack of gene¯ow among host races of anther smuts contradict ®ndings of successful cross-inoculation of foreign host plant species (Zillig, 1921; Liro, 1924) and cross-conjugation by sporidia of opposite mating type from different host species (Goldschmidt, 1928; Antonovics et al., 1996; Shykoff et al., 1999) . This lack of Table 5 Mean sample size, mean allelic diversity (i.e. mean number of alleles per locus), and observed and expected heterozygosity, averaged over those microsatellite loci that were ampli®ed successfully. Populations with fewer than ®ve samples or fewer than four ampli®able loci are not shown. Data are given with standard errors. Signi®cance tests for heterozygote de®ciencies (HD) were performed on multilocus data using Fisher's exact tests. Unbiased estimates of P-values are based on the Markov chain method.
consistency may have several reasons. In nature, humidity, temperature, time, locality of spore deposition, and other ecological factors may in¯uence infection success. Healthy plants may receive thousands of spores without becoming infected , perhaps because short¯ower life spans limit the time available for invasion of the¯owering stem (Shykoff et al., 1996) . Furthermore, most greenhouse cross-inoculations were carried out by dusting¯ower buds with spores (Liro, 1924) , which is more successful than inoculation of open¯owers (Alexander et al., 1993) . Indeed, greenhouse inoculations reveal no differential infectivity of fungal strains from S. latifolia or S. dioica on heterospeci®c vs. homospeci®c hosts (Liro, 1924; Biere & Honders, 1996) , but healthy S. dioica plants do not become infected when planted among infected S. latifolia plants, although pollinators visit both species (Baker, 1947) . Therefore, greenhouse cross-inoculation experiments may not represent the probability of a fungal host race infecting a foreign host under natural conditions. Since anther smuts are mainly pollinator-borne (Jennersten, 1983; Roche et al., 1995) , host species that share pollinators should bear similar fungi. S. vulgaris and S. nutans occur sympatrically and their pollinators quite often switch between the two species . Nevertheless, the anther smuts of these two host species were clearly differentiated (Fig. 2) , except one isolate from S. nutans at site Bugnei that appeared to be a hybrid or mixture between the two host races (Table 2) . Therefore, despite shared¯ower visitors, gene¯ow between these two host races occurs rarely, even in sympatry. Additional mechanisms such as trade-offs in performance on different host species (Rausher, 1984) might further restrict gene¯ow among different fungal lineages. A trade-off in aggressiveness was shown in the anther smuts on S. latifolia and S. dioica (Biere & Honders, 1996) , although this might be the consequence and not the cause of genetic differentiation between the host races.
Microsatellite data also contradict morphologically based taxonomies. The fungus of S. italica, named Ustilago gausseni (Durrieu & Zambettakis, 1973 ) ( U. violaceoverrucosum (Brandenburger & Schwinn, 1971 ) because of its verrucose spore morphology clustered together with samples from S. nutans (Fig. 2) . This demonstrates that U. gausseni not only belongs to the genus Microbotryum, as suggested by Va Á nky (1987) , but also renders spore morphology questionable for the taxonomy of anther smut fungi of Caryophyllaceae. The other anther smut described with verrucose spores, Microbotryum violaceoirregulare from S. vulgaris (Deml & Oberwinkler, 1983) still remains to be investigated to clarify this issue.
Genetic relationships among host races and comparison with host phylogeny
Five microsatellite loci are too few for reliable phylogenetic reconstruction (Takezaki & Nei, 1996) , and our host races differed in the presence of null alleles, which was not considered in the estimation of genetic distance and Neighbour-Joining analysis. Nevertheless, some general trends are conspicuous from our data. Fungal strains from Silene species appeared more closely related to each other than to fungal strains from the other host genera studied, showed by the Neighbour-Joining analysis (Fig. 2) and the signi®cantly higher number of null alleles in host races from Gypsophila and Dianthus than in those from Silene host species. The strong separation between Silene and non-Silene host races matches host phylogeny if host genera are monophyletic. Therefore, host ecology seems to play a minor role compared with host plant phylogeny in the evolution of fungal host races. The anther smut fungus from the two Saponaria species were more similar to each other than to any other host race in this study (Table 2, Fig. 2 ), although the Saponaria hosts have very different ecologies. Indeed, Saponaria of®cinalis shares habitat and pollination syndrome with Silene latifolia, while Saponaria ocymoides shares these features with G. repens and D. silvester.
For fungal strains from the genus Silene, however, common pollinator spectra might have been important for the evolutionary divergence of fungal host races. Host species S. acaulis and S. dioica that share pollinator faunas bear related smut strains. Genetic relationships among Silene host races reveal little correspondence with a Silene phylogeny (Desfeux & Lejeune, 1996) , and the small size differences of alleles among the host races from Silene species suggest that these host races might be quite young and are thus unlikely to have cospeciated with their hosts. The only correspondence between host phylogeny and parasite pattern of genetic similarity seems to be the close relationship between fungi from S. nutans and S. italica (Fig. 2) . We are currently working on a phylogeny of these fungal races based on sequence data to determine whether fungal phylogenetic history re¯ects that of the host species.
The question whether host races are monophyletic cannot be answered de®nitively since our samples are limited to the Swiss Alps and surroundings only. Within this region, however, host-speci®c strains generally evolved just once (Fig. 2) . S. vulgaris, however, bore two types of genotypes differentiated by distinct alleles at 3 loci (Table 2 ). In addition, S. vulgaris carries an anther smut with reticulate spore morphology, Microbotryum violaceo-irregulare (Deml & Oberwinkler, 1983) , but this fungus is restricted to high mountain areas in Central Europe (Va Á nky, 1987) and was not among the 191 individuals from 19 sites in Switzerland.
In conclusion we found clear host-speci®c differentiation in the fungus M. violaceum from a range of 13 host species within the family Caryophyllaceae. Fungal strains on different host plant species exchange practically no genes, even when growing in direct sympatry. To some degree, the¯oral syndrome and host-speci®c visitation patterns of¯ower-visiting insects must have contributed to the divergence of the fungal host races. However, host races also diverged on host species with common insect visitors, such as S. vulgaris and S. nutans . Therefore, host-speci®c differentiation cannot be attributed completely to insect visitation patterns and it is unknown whether the host races evolved in sympatry or in allopatry. Current genetic isolation allows these fungal populations to specialize on their particular hosts without gene¯ow from other host races disrupting the adaptive process. Therefore, host-speci®c traits, associated with difference in host¯oral ecology or life history might be expected. In fact, transmission seems to differ between the weedy S. latifolia, where up to 17.7% new infections within a season (Biere & Honders, 1998) and 4% between seasons (Alexander & Antonovics, 1988) can be observed, the longer lived S. viscaria, with 2% new infections over a 3-year-period (Jennersten, 1985) , and the much longer lived host species S. acaulis with fewer than 1% new infections over a 4-year period (Marr, 1997) . Comparisons between demographic and life history traits from fungi on plant species with different ecologies would provide information on how parasites can adapt to the particular requirements and challenges provided by their hosts.
